Introduction
Guard cells, which surround stomatal pores, regulate stomatal aperture in response to a variety of external and internal stimuli such as light, CO 2 , drought, external Ca 2 + , pathogen attack and the plant hormones ABA and methyl jasmonate (MeJA) , Hetherington and Woodward 2003 , Suhita et al. 2004 , Islam et al. 2009 ). These phytohormones were synthesized in plant cells to regulate biotic and abiotic stress responses ( Creelman and Mullet 1995 , Moons et al. 1997 , Jia et al. 2001 , Jia et al. 2002 , Schmelz et al. 2003 . Previous studies suggest cross-talk between ABA signaling and MeJA signaling in Arabidopsis guard cells ( Suhita et al. 2004 , Munemasa et al. 2007 , Saito et al. 2008 .
Reactive oxygen species (ROS) and nitric oxide (NO) function as second messengers in both the ABA and MeJA signal transduction cascade in guard cells ( Pei et al. 2000 , Murata et al. 2001 , Suhita et al. 2004 , Bright et al. 2006 , Munemasa et al. 2007 . Genetic and pharmacological studies suggested that ROS production is mediated by plasma membrane NAD(P)H oxidases ( Pei et al. 2000 , Kwak et al. 2003 , and that NO production involves nitrate reductase (NR) and NO synthase in guard cells ( Crawford 2006 , Neill et al. 2008 . It has been found that renamed AtNOA1 is a cGTPase but not an NO synthase ( Moreau et al. 2008 ) . NO is shown to be produced independently of ROS signaling ( Clarke et al. 2000 ) and NO is shown to act downstream of ROS in guard cell ABA signaling ( Bright et al. 2006 ) .
A certain Ca 2 + signature is a prerequisite for ABA-, MeJA-, CO 2 -and Ca 2 + -induced stomatal closure ( Schroeder and Hagiwara 1990 , Webb et al. 1996 , Allen et al. 2002 , Young et al. 2006 , Munemasa et al. 2007 ). Oscillation of the cytosolic free calcium ion concentration ([Ca 2 + ] cyt ) is modulated by Ca 2 + infl ux from the extracellular space mediated by non-selective cation channels, which are activated by NAD(P)H oxidase-mediated ROS production ( Pei et al. 2000 , Murata et al. 2001 , Kwak et al. 2003 , Suhita et al. 2004 , Munemasa et al. 2007 ). In addition, exogenous H 2 O 2 also induces stomatal closure, but application of EGTA completely inhibits H 2 O 2 -induced stomatal closure, indicating that the Ca 2 + signature requires Ca 2 + infl ux from the extracellular space ( Pei et al. 2000 ) . ( Irving et al. 1992 ) . Cytosolic alkalization in guard cells is also observed during MeJA-induced stomatal closure ( Gehring et al. 1997 , Suhita et al. 2004 ). Elevation of pH cyt is implicated in the inactivation of inward K + currents and activation of outward K + currents in Vicia guard cells ( Blatt and Armstrong 1993 ) . Recently, it has been suggested that cytosolic alkalization precedes NO production based on time course analysis ( Gonugunta et al. 2008 ) . These results suggest that pH cyt functions as a signaling factor in both ABA and MeJA signaling in guard cells.
Roles of AtTPC1, Vacuolar Two Pore Channel 1, in Arabidopsis Stomatal Closure
Loss-of-function mutation of a tonoplast-localized V-type H + -ATPase, det3 , impairs exogenous Ca 2 + -and H 2 O 2 -induced stomatal closure and preceding [Ca 2 + ] cyt oscillation, indicating an important role for the vacuole in Ca 2 + signaling . TPC1 of Arabidopsis thaliana (AtTPC1) is a class of Ca 2 + -dependent cation channel that is termed a slow vacuolar (SV) channel and has two EF-hand motifs ( Peiter et al. 2005 ) . AtTPC1 is localized in the vacuolar membrane but not in the plasma membrane, while rice TPC1, OsTPC1, and wheat TPC1, TaTPC1, are localized in the plasma membrane ( Kurusu et al. 2004 , Wang et al. 2005 , Ranf et al. 2008 . AtTPC1 is expressed in guard cells and positively regulates ABA-induced seed germination and Ca 2 + -induced stomatal closure ( Peiter et al. 2005 ) . Inhibition of extracellular Ca 2 + -induced stomatal closure by the attpc1 mutation postulates that AtTPC1 could contribute to activation of S-type anion channels elicited by extracellular Ca 2 + . In contrast to this result, Ranf et al. (2008) have shown that AtTPC1 functions as a vacuolar cation channel without a major impact on cytosolic Ca 2 + homeostasis. Thus, it is still controversial as to whether AtTPC1 functions in Ca 2 + signaling in guard cells.
In this study, we investigated stomatal movement, ROS and NO production, [Ca 2 + ] cyt oscillation, pH cyt elevation and S-type anion channel activation in guard cells of the attpc1 mutant in response to ABA and MeJA, and stomatal movement, [Ca 2 + ] cyt oscillation and activation of S-type anion currents elicited by external Ca 2 + to clarify the function of AtTPC1 in Arabidopsis guard cells.
Results

ABA-or MeJA-induced stomatal closure in attpc1-2 mutant plants
It has been reported that the attpc1 mutation does not affect ABA-induced stomatal closure ( Peiter et al. 2005 , Ranf et al. 2008 . To determine the involvement of AtTPC1 in MeJA-induced stomatal closure, we examined stomatal movement in rosette leaves treated with MeJA. Fig. 1A shows that 1 and 10 µ M ABA induced stomatal closure in attpc1-2 plants as well as wild-type plants, confi rming previous results ( Peiter et al. 2005 , Ranf et al. 2008 . Application of 1 and 10 µ M MeJA also induced stomatal closure in attpc1-2 as well as in the wild type ( Fig. 1B ) .
The kinetics of stomatal closure in ABA-or MeJA-treated attpc1-2 mutant plants and wild-type plants were examined ( Fig. 1C, D ) . Application of 10 µ M ABA reduced apertures by 15.7 % at 30 min and gradually reduced them further until 180 min in the wild type ( Fig. 1C ) . No signifi cant differences in kinetics of stomatal movement between wild-type plants and attpc1-2 plants were observed ( Fig. 1C ). MeJA at 10 µ M also induced stomatal closure by 11.3 % at 30 min and gradual closure until 180 min in the wild type ( Fig. 1D ). There is no signifi cant difference between MeJA-induced stomatal closure in the wild type and in the attpc1-2 mutant ( Fig. 1D ).
ABA and MeJA induce ROS production to lead to stomatal closure, and H 2 O 2 also induces stomatal closure ( Pei et al. 2000 , Murata et al. 2001 , Kwak et al. 2003 ). In the attpc1-2 mutant, 100 µ M and 1 mM H 2 O 2 induced stomatal closure as in the wild type (data not shown). These results indicate that AtTPC1 is not involved in either ABA-or MeJA-induced stomatal closure.
ABA-or MeJA-induced ROS and NO production in attpc1-2 mutant plants ABA-and MeJA-induced stomatal closure is accompanied by ROS and NO production in guard cells ( Suhita et al. 2004 , Munemasa et al. 2007 , Saito et al. 2008 . In order to examine whether AtTPC1 is involved in ABA-and MeJA-induced ROS and NO production in guard cells, we examined ABA-and MeJA-induced ROS and NO production in guard cells of attpc1-2 mutants using the fl uorescent dyes, H 2 DCF-DA and DAF-2DA, respectively.
In wild-type guard cells, application of ABA and MeJA significantly increased ROS production ( P < 0.001 and P < 0.003, respectively) ( Fig. 1E ). In wild-type guard cells, exogenous ABA and MeJA also induced NO production ( P < 0.001 and P < 0.007, respectively) ( Fig. 1E ). These results are consistent with previous results ( Murata et al. 2001 , Munemasa et al. 2007 , Saito et al. 2008 , Saito et al. 2009 ). In attpc1-2 guard cells, ABA and MeJA signifi cantly induced ROS ( P < 0.01 and P < 0.002, respectively) and NO production ( P < 0.03 for both) ( Fig. 1F ) . No signifi cant differences in ROS and NO production were observed between the wild type and attpc1-2 . These results indicate that in Arabidopsis guard cells AtTPC1 is not involved in either ROS production or NO production induced by ABA or MeJA. ABA elicited [Ca 2 + ] cyt oscillations in wild-type guard cells (66.7 % , n = 10 from 15 cells, Fig. 2A ) as previously reported , Kwak et al. 2002 and also elicited [Ca 2 + ] cyt oscillations in attpc1-2 guard cells (54.5 % , n = 6 from 11 cells, Fig. 2B ). There is no signifi cant difference in basal cytosolic Ca 2 + level ( P > 0.193), or the amplitude ( P > 0.710) and frequency ( χ 2 = 0.3939, P > 0.50) of ABA-elicited [Ca 2 + ] cyt oscillations between wild-type and attpc1-2 guard cells. These results are consistent with the stomatal closure phenotype of the wild type and the attpc1-2 mutant ( Fig. 1A, C ) .
ABA-or
MeJA also elicited [Ca 2 + ] cyt oscillations in wild-type guard cells (53.8 % , n = 7 from 13 cells, 
AtTPC1 does not contribute to cytosolic pH responses induced by ABA or MeJA
ABA and MeJA induce cytosolic alkalization in guard cells, which leads to stomatal closure ( Gehring et al. 1997 , Suhita et al. 2004 , Gonugunta et al. 2008 . In order to investigate the involvement of AtTPC1 in ABA and MeJA signaling in guard cells, we examined the effects of ABA and MeJA on pH cyt in attpc1-2 guard cells using a pH probe fl uorescent dye, 2 ′ ,7 ′ -bis-(2-carboxyethyl)-5,(6)-carboxyfl uorescein acetoxymethyl ester (BCECF-AM).
MeJA ( P < 0.002) and ABA ( P < 0.005) signifi cantly increased the BCECF fl uorescent intensity in wild-type guard cells ( Fig. 2E ) , indicating an increase in pH cyt as previously reported ( Irving et al. 1992 , Gehring et al. 1997 , Suhita et al. 2004 ). In attpc1-2 guard cells, ABA ( P < 0.04) and MeJA ( P < 0.02) signifi cantly increased BCECF fl uorescence as in wild-type guard cells ( Fig. 2F ), indicating that ABA and MeJA induce cytosolic alkalization in attpc1-2 guard cells as in the wild type.
Ca 2 + -induced stomatal closure in attpc1-2 mutant plants Exogenous application of Ca 2 + induces [Ca 2 + ] cyt oscillations in guard cells to lead to stomatal closure . The attpc1 mutation disrupts [Ca 2 + ] ext -induced stomatal closure in Arabidopsis ( Peiter et al. 2005 ) . Separately, it has been shown that AtTPC1 does not impair Ca 2 + signals induced by abiotic and biotic stresses ( Ranf et al. 2008 ) . We examined the effect of [Ca 2 + ] ext on stomatal movements in attpc1-2 mutant plants.
External Ca 2 + signifi cantly reduced stomatal apertures in wild-type plants ( P < 0.02) ( Fig. 3A ) . In attpc1-2 mutant plants, Ca 2 + -induced stomatal closure was, however, signifi cantly more impaired ( P < 0.05) when compared with the wild type ( P < 0.03) ( Fig. 3A ) . Peiter et al. (2005) has shown that attpc1 mutation completely impaired Ca 2 + -induced stomatal closure, which is essentially the same as the result in this study. However, it has not been elucidated how AtTPC1 functions in the Ca 2 + signaling pathway of guard cells.
Ca 2 + -induced cytosolic Ca 2 + oscillations in attpc1-2 guard cells
Like the ABA response, application of Ca 2 + elicits [Ca 2 + ] cyt oscillations, leading to stomatal closure in Arabidopsis ( Allen et al. 1999b . Exogenous Ca 2 + elicited [Ca 2 + ] cyt oscillations in the wild type (85.0 % , n = 17 from 20 cells) ( Fig. 3B ) , which is consistent with the result in Fig. 3A showing that Ca 2 + induced stomatal closure in the wild type. Interestingly, in attpc1-2 guard cells, Ca 2 + application induced [Ca 2 + ] cyt oscillations (90.0 % , n = 18 from 20 cells) ( Fig. 3C ) although Ca 2 + application failed to induce stomatal closure ( Fig. 3A ) . Note that no statistically signifi cant differences were found in the basal cytosolic Ca 2 + level ( P > 0.6241), or the amplitude ( P > 0.1597) and frequency ( χ 2 = 0.228, P > 0.50) of Ca 2 + -elicited [Ca 2 + ] cyt oscillations between wild-type and attpc1-2 guard cells.
ABA-, MeJA-and Ca 2 + -activated S-type anion currents in attpc1-2 guard cells
Many studies have reported that activation of S-type anion currents is essential for stomatal closure and one of the central components of stomatal closure ( Pei et al. 1997 , Munemasa et al. 2007 , Vahisalu et al. 2008 . External Ca 2 + induced activation of S-type anion channels, resulting in stomatal closure ( Allen et al. 1999a , Mori et al. 2006 . In this study, we examined whether the attpc1-2 mutation affects the external ABA-, MeJA-and Ca 2 + -induced activation of S-type anion channels in guard cells using a whole-cell patch-clamp technique. S-type anion currents were activated by treatment of attpc1-2 guard cells with ABA or MeJA ( n = 8 for ABA and n = 3 for MeJA, Fig. 4D ) like the wild type ( Munemasa et al. 2007 ) , which is consistent with ABA-and MeJA-induced stomatal closure ( Fig. 1A-D ) . Treatment with Ca 2 + activated S-type anion channels of wild-type guard cells ( n = 5) ( Fig. 4A, C ) , causing stomatal closure in wild-type plants ( Fig. 3A ) . In attpc1-2 mutants, only small S-type anion channel currents were recorded in Ca 2 + -treated guard cell protoplasts ( n = 8) ( Fig. 4B, C ) , indicating impairment of Ca 2 + activation of S-type channels in the attpc1-2 mutant. The result is consistent with the results that exogenous Ca 2 + failed to induce stomatal closure in the attpc1 mutant ( Fig. 3A ) .
Discussion
ABA and MeJA play crucial roles in plants to activate physiological processes resulting in resistance and adaptation to environmental stresses. The ABA and MeJA signaling pathways share some signal components such as production of ROS and NO, an increase in [Ca 2 + ] cyt and pH cyt , and activation of S-type anion channels in guard cells ( Suhita et al. 2004 , Munemasa et al. 2007 , Saito et al. 2008 , Islam et al. 2009 . In this study, we examined ROS and NO contents, [Ca 2 + ] cyt , pH cyt and S-type anion channel activities to clarify the function of the SV channel, AtTPC1, in ABA, MeJA and Ca 2 + signaling of Arabidopsis guard cells.
Involvement of AtTPC1 in MeJA-induced stomatal closure as well as ABA-induced stomatal closure
Previous studies reported that tonoplast transporters, TPK1, DET3 and AtTPC1, are involved in ABA-, H 2 O 2 -and Ca 2 + -induced stomatal closure, respectively , Peiter et al. 2005 , Gobert et al. 2007 ). Peiter et al. (2005) and Ranf et al. (2008) showed that AtTPC1 functions as the SV cation channel. The attpc1-2 mutation impairs ABA-induced inhibition of seed germination ( Peiter et al. 2005 ), but it does not affect ABA-induced stomatal closure ( Peiter et al. 2005 ) . Our study demonstrated that AtTPC1 does not function only in ABA signaling but also in MeJA signaling in guard cells ( Fig. 1B, D ) . These results suggest that the SV channel is not involved in ABA and MeJA signaling in Arabidopsis guard cells.
Contribution of AtTPC1 to guard cell ROS and NO production
ABA-elicited ROS production is mainly attributed to NAD(P)H oxidases ( Kwak et al. 2003 ) , and ABA-induced NO production is facilitated by NR and AtNOA1 (cGTPase but not NO synthase) ( Guo et al. 2003 , Moreau et al. 2008 . It was also reported that MeJA-induced H 2 O 2 generation depends on NAD(P)H oxidase activities in tomato and Arabidopsis plants ( Orozco-Cárdenas et al. 2001 , Suhita et al. 2004 . It was hypothesized that ABA and MeJA signaling events were not impaired in guard cells of the attpc1-2 mutant, since ABA and MeJA induced stomatal closure in the attpc1-2 mutant as well as in the wild type. Our results showed no apparent difference in ABA-and MeJA-induced ROS and NO production between the wild type and attpc1-2 , supporting no involvement of AtTPC1 in ABA-and MeJA-induced stomatal closure ( Fig. 1 ). These results suggest that AtTPC1 does not contribute to either ROS production or NO production which is involved in MeJA-and ABA-induced stomatal closure. Ranf et al. (2008) reported that the attpc1-2 mutation did not impair the elf18-and fl g22-induced oxidative burst, marker gene expression and activation of mitogen-activated protein kinase (MAPK). Taken together, it is suggested that the attpc1-2 mutation is not involved in early ABA and MeJA signaling.
Functions of AtTPC1 mutation in MeJA-, ABAand Ca 2 + -induced [Ca 2 + ] cyt oscillation
Many pieces of evidence demonstrate that ABA-and Ca 2 + -induced guard cell [Ca 2 + ] cyt increase and [Ca 2 + ] cyt oscillation is essential for stomatal closure ( Allen et al. 1999a , Murata et al. 2001 , Kwak et al. 2002 . Elevation of [Ca 2 + ] cyt was mediated by hyperpolarization-activated Ca 2 + (I Ca ) channels in the plasma membrane and Ca 2 + -dependent SV channels in the tonoplast to mediate Ca 2 + infl ux into the cytosol ( Ward et al. 1995 , Pei et al. 2000 . I Ca channels are activated by ABA and MeJA via ROS production ( Hamilton et al. 2000 , Pei et al. 2000 , Murata et al. 2001 , Munemasa et al. 2007 ). This study showed that MeJA as well as ABA and Ca 2 + elicits [Ca 2 + ] cyt oscillations in wild-type guard cells ( Figs. 2A , C , 3B ). These results indicate that not only ABA, but also MeJA induces ROS production that activates I Ca channels, leading to [Ca 2 + ] cyt oscillations. SV channels that mediate cation transports in the tonoplast are activated by elevation of [Ca 2 + ] cyt in sugar beet vacuoles ( Hedrich and Neher 1987 ) . However, so far, there is no evidence that AtTPC1 modulates elevation of [Ca 2 + ] cyt in ABA signaling, MeJA signaling and Ca 2 + signaling. ABA, MeJA and Ca 2 + elicit [Ca 2 + ] cyt oscillations in the attpc1-2 mutant ( Figs. 2B , D , 3C ), suggesting that AtTPC1 is not involved in ABA-, MeJA-and Ca 2 + -induced [Ca 2 + ] cyt oscillations in guard cells. In addition, exogenous Ca 2 + increases the [Ca 2 + ] cyt of guard cells by mediating Ca 2 + infl ux at the plasma membrane and/or by a calciuminduced calcium release (CICR) mechanism from intracellular stores ( Gilroy et al. 1991 , Ward and Schroeder 1994 ) .
Electrophysiological measurements show that SV channels are activated by elevation of cytosolic Ca 2 + ( Schulz-Lessdorf and Hedrich 1995 ), and fl uorescence combined with an excised patch show permeation of calcium through SV channels ( Gradogna et al. 2009 ). Therefore, ABA-, MeJA-and Ca 2 + -elicited elevation of [Ca 2 + ] cyt was expected to activate SV channels but attpc1-2 mutation did not apparently disrupt either ABA or MeJA signaling in Arabidopsis guard cells ( Figs. 1 ,  2A-D ) . McAinsh et al. (1990) showed that ABA elevates [Ca 2 + ] cyt to approximately 1 µ M in guard cells, which may not be high enough to activate SV channels. Bethke and Jones (1994) reported that ABA did not affect SV currents in barley aleurone vacuoles, and Pottosin et al. (2009) showed that physiologically relevant ABA fl uctuations do not induce a release of Ca 2 + from the vacuole under elevated cytosolic Ca 2 + levels. Therefore, the [Ca 2 + ] cyt elevation induced by ABA might fail to activate AtTPC1 in Arabidopsis guard cells and MeJA also might fail to activate AtTPC1 because MeJA induced [Ca 2 + ] cyt oscillation similarly to ABA ( Fig. 2A-D ) .
SV channels can mediate fl uxes of Ca 2 + and K + in guard cell vacuoles of V. faba and mesophyll vacuoles of A. thaliana Schroeder 1994 , Peiter et al. 2005 ) , suggesting that SV channels might also be involved in K + homeostasis. Moreover, AtTPC1 is co-localized with AtTPK1 in Arabidopsis ( Ranf et al. 2008 ) . Hence, impairment of Ca 2 + -induced stomatal closure due to attpc1 mutation might be attributed to disruption of K + homeostasis.
Effect of attpc1-2 mutation on pH cyt changes response to MeJA and ABA It is well established that ABA-and MeJA-induced stomatal closure is accompanied by cytosolic alkalization in guard cells, whereas light-induced stomatal opening is associated with cytosolic acidifi cation in guard cells ( Irving et al. 1992 , Gehring et al. 1997 , Suhita et al. 2004 , Gonugunta et al. 2008 . Moreover, pH cyt regulates ion channels in guard cells Armstrong 1993 , Grabov and Blatt 1997 ) . Schulz-Lessdorf and Hedrich (1995) demonstrated that an increase in pH cyt (cytosolic alkalization) increases the activity of SV channels in sugar beet root vacuoles and Vicia guard cells, suggesting that SV channels could be involved in responses to abiotic and biotic stress accompanied with a change in pH cyt . In this study, MeJA, as well as ABA induced guard cell cytosolic alkalization in the attpc1-2 mutant as in the wild type. However, taken together with the previous results ( Ranf et al. 2008 ) , AtTPC1, the Arabidopsis SV K + -and Ca 2 + -permeable channel, is not involved only in ABA signaling, but also in MeJA signaling in guard cells, although the function of the SV channel in stomatal movement has long been discussed.
Roles of AtTPC1 in ABA-, MeJA-and Ca 2 + -induced stomatal closure and S-type anion channel activation
The extracellular Ca 2 + concentrations are controlled by soil Ca 2 + concentrations and transpiration rates ( Tang et al. 2007 ). . Activation of S-type anion currents is one of the key signal components for external Ca 2 + -induced stomatal closure like ABA-and MeJA-induced stomatal closure ( Mori et al. 2006 , Munemasa et al. 2007 , Vahisalu et al. 2008 ). Activation of S-type anion currents requires [Ca 2 + ] cyt , protein phosphorylation and Ca 2 + priming ( Allen et al. 1999a , Allen et al. 2002 .
The present study showed that ABA or MeJA induced activation of S-type anion currents along with [ ( Allen et al. 1999a , Allen et al. 2002 . However, AtTPC1 functions specifi cally in guard cells, since Ranf et al. (2008) concluded that AtTPC1, under physiological conditions, functions as a vacuolar cation channel without a major impact on cytosolic Ca 2 + homeostasis based on germination, root growth and whole leaf response.
An increase in [Ca 2 + ] cyt activates vacuole SV channels and plasma membrane S-type anion channels ( Schulz-Lessdorf and Hedrich 1995 , Mori et al. 2006 , Vahisalu et al. 2008 ). However, the attpc1 mutation did not affect either the external Ca 2 + -induced [Ca 2 + ] cyt increment ( Ranf. et al. 2008 ) or the external Ca 2 + -induced Ca 2 + oscillation in guard cells ( Fig. 3C ). These results suggest that SV channel AtTPC1 does not play a role as a source for CICR from vacuoles during ABA-, MeJA-and Ca 2 + -induced stomatal closure.
Physiological relevance of AtTPC1
Based on all the present results, in Arabidopsis guard cells AtTPC1 is not involved in either ABA signaling or MeJA signaling, but is involved in a signal pathway downstream of Ca 2 + -induced [Ca 2 + ] cyt oscillation and/or activation of S-type anion channels induced by external Ca 2 + .
Materials and Methods
Plant materials and growth conditions
In this study, A. thaliana plants (Columbia ecotype) were grown on soil containing a homogenized mixture of 70 % (v/v) vermiculite (Asahi-kogyo, Okayama, Japan) and 30 % (v/v) kureha soil (Kureha Chemical, Tokyo, Japan) in a growth chamber under a 16 h light and 8 h dark cycle. The temperature and relative humidity in the chamber were 22 ± 2 ° C and 60 ± 10 % , respectively. Water was applied 2-3 times in a week with Hyponex solution (0.1 % ) on the plant growth tray.
Measurement of stomatal apertures and ROS and NO in guard cells
Stomatal apertures of leaves were measured according to the method of Munemasa et al. (2007) . ROS and NO production was examined using H 2 DCF-DA and DAF-2DA, respectively, according to a previous report ( Munemasa et al. 2007 ).
Measurement of [Ca 2 + ] cyt
The attpc1-2 plants that express Yellow Cameleon 3.6 (YC3.6) were generated by crossing of the attpc1-2 and the YC3.6-transformed Columbia-0 plant. Rosette leaves of Arabidopsis YC3.6-expressing plants were used to examine ABA-or MeJAinduced [Ca 2 + ] cyt oscillations in guard cells as described ( Allen et al. 1999b ) , with slight modifi cations. The abaxial side of an excised leaf was gently mounted on a glass slide by using a medical adhesive, followed by removal of the adaxial epidermis and the mesophyll tissue with a razor blade in order to keep intact the lower epidermis on the slide. The mounted abaxial epidermal peel was kept in a solution containing 5 mM KCl, 50 µ M CaCl 2 and 10 mM MES-Tris (pH 6.15) under light for 2 h at 22 ° C to promote stomatal opening. The turgid guard cells were considered for ratiometric [Ca 2 + ] cyt measurement. Then guard cells were treated with 10 µ M ABA or MeJA in the incubation buffer containing 5 mM KCl, 50 µ M CaCl 2 and 10 mM MES-Tris (pH 6.15) by a peristatic pump after 5 min from the start of measurement. Observation of YC3.6 was carried out by dual-emission ratio imaging using a 440DF20 excitation fi lter, a 445DRLP dichroic mirror and two emission fi lters, 480DF30 for cyan fl uorescent protein (CFP) and 535DF25 for yellow fl uorescent protein (YFP). The CFP and YFP fl uorescence intensity of guard cells was imaged and analyzed using AQUA COSMOS software (Hamamatsu Photonics, Hamamatsu, Japan).
Measurement of cytosolic pH
To assess pH cyt , guard cells were stained with the pH-sensitive fl uorescent dye BCECF-AM ( Suhita et al. 2004 ) . Epidermal tissue specimens were prepared from leaves of 5-to 6-week-old plants using a blender. The isolated epidermal tissues were incubated for 3 h under light (8,000 Lux) with 50 mM KCl and 10 mM MES-KOH (pH 6.50). The incubated epidermal tissue was then loaded with 20 µ M BCECF-AM for 30 min in the dark at room temperature followed by rinsing several times with incubation buffer to remove excess dye. The dye-loaded epidermal tissues were treated with 10 µ M ABA, 10 M MeJA or the solvent control (0.1 % ethanol) for 20 min at room temperature. Changes in guard cell pH were monitored by measuring the intensity of fl uorescence at 535 nm after excitation at 480 nm using AQUA COSMOS software (Hamamatsu Photonics, Hamamatsu, Japan).
Measurement of ion channel activities
S-type anion currents in Arabidopsis guard cells were recorded as published previously ( Munemasa et al. 2007 ). Whole-cell currents were recorded using a CEZ-2200 patchclamp amplifi er (Nihon Kohden, Tokyo, Japan). The liquid junction potential was corrected. Leak currents were not subtracted. For data analysis, pCLAMP 8.1 software (Molecular Devices) was used.
Statistical analysis
The signifi cance of differences between mean values was assessed by Student's t -test except for the data on the frequency of [Ca 2 + ] cyt oscillations. Differences in the frequency of [Ca 2 + ] cyt oscillations between wild-type and attpc1-2 lines induced by ABA, MeJA or Ca 2 + were determined by χ 2 test. Differences at P < 0.05 were considered signifi cant.
Accession numbers
The Arabidopsis Genome Initiative number for the gene discussed in this article is as follows: AtTPC1 (At4g03560). 
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